We report a surface enhanced molecular detection technique with zeptomole sensitivity that relies on resonant coupling of plasmonic modes of split ring resonators and infrared vibrational modes of a self-assembled monolayer of octadecanthiol molecules. Large near-field enhancements at the gap of split ring resonators allow for this resonant coupling when the molecular absorption peaks overlap spectrally with the plasmonic resonance. In this letter, we experimentally demonstrate optical detection of self-assembled monolayers ͑SAMs͒ ͑Ref. 12͒ of 1-octadecanthiol ͓CH 3 ͑CH 2 ͒ 18 SH͔ through resonant coupling between plasmonic modes of split ring resonators ͑SRRs͒ and vibrational modes of 1-octadecanthiol ͑ODT͒ molecules. This resonant coupling occurs when the absorption of CH 2 stretching vibrations of ODT overlaps spectrally with the plasmonic resonance of the SRR. Figure 1͑a͒ shows the typical setup for this sensing paradigm. A nanofabricated array of SRRs is coated with a monolayer of ODT. Absorption by molecules in the nanoscale gap modifies the SRR resonance spectrum upon interaction with the enhanced near-field in the gap ͓Fig. 1͑b͔͒. This effect manifests itself in the far-field transmission spectrum allowing us to detect the ODT molecules using far-field microscopy techniques. Our approach differs from previous plasmonic sensing schemes that rely on the local index change. 13, 14 We first modeled the effect of aforementioned coupling mechanism on the SRR resonance spectrum by solving the three dimensional electromagnetic problem with a commercial finite integration technique solver ͑CST Microwave Studio͒. Figure 1͑b͒ shows the near-field distribution of a pristine SRR without the ODT layer. Notably, the field is strongly localized and confined in the gap region. 15 The parameters used in this calculation for the gold SRR array are the following: period a = 800 nm, radius r = 200 nm, thickness t = 30 nm, width w = 80 nm, and gap g = 30 nm. Having calculated the near-field distribution for the pristine SRRs, the SRR surfaces are uniformly covered with a 2.4 nm thick layer characterized with a Lorentz oscillator model to emulate the effect of the ODT molecules on the SRR spectrum both in the near and the far zones. The parameters for the Lorentz oscillator are chosen such that they can reproduce the absorption associated with the symmetric stretching mode of the ODT molecule. The SRR-molecule coupling results in a dip in the nearfield spectrum of the SRR, as shown in Fig. 2͑a͒ . The presence of the ODT on the SRR is essentially equivalent to local absorption at the vibrational frequency of ODT for the SRR. From the ODT point of view, there is more available energy to be absorbed as the SRR confines and enhances the incoming radiation in the gap similar to impedance matching in electronic circuits. In other words, the ODT absorption cross section is increased by the SRR antenna cross section.
Surface enhanced vibrational spectroscopy 1 has been a topic of interest for interdisciplinary research owing to its ability to amplify molecular scattering cross sections through localized surface plasmon resonance. 2, 3 Surface enhanced Raman spectroscopy ͑SERS͒ [4] [5] [6] and surface enhanced infrared absorption spectroscopy ͑SEIRA͒ [7] [8] [9] are commonly employed techniques in which the minimum detection limit is determined by the strength of local fields around the metallic nanostructures. Various nanoparticle geometries, including nanospheres, nanorods, 6 and nanoshells, 10 have been utilized for SERS. Recently, Neubrech et al. 11 have introduced an approach for SEIRA that relies on Fano-like resonances due to resonant coupling between a nanorod and a molecular monolayer.
In this letter, we experimentally demonstrate optical detection of self-assembled monolayers ͑SAMs͒ ͑Ref. 12͒ of 1-octadecanthiol ͓CH 3 ͑CH 2 ͒ 18 SH͔ through resonant coupling between plasmonic modes of split ring resonators ͑SRRs͒ and vibrational modes of 1-octadecanthiol ͑ODT͒ molecules. This resonant coupling occurs when the absorption of CH 2 stretching vibrations of ODT overlaps spectrally with the plasmonic resonance of the SRR. Figure 1͑a͒ shows the typical setup for this sensing paradigm. A nanofabricated array of SRRs is coated with a monolayer of ODT. Absorption by molecules in the nanoscale gap modifies the SRR resonance spectrum upon interaction with the enhanced near-field in the gap ͓Fig. 1͑b͔͒. This effect manifests itself in the far-field transmission spectrum allowing us to detect the ODT molecules using far-field microscopy techniques. Our approach differs from previous plasmonic sensing schemes that rely on the local index change. 13, 14 We first modeled the effect of aforementioned coupling mechanism on the SRR resonance spectrum by solving the three dimensional electromagnetic problem with a commercial finite integration technique solver ͑CST Microwave Studio͒. Figure 1͑b͒ shows the near-field distribution of a pristine SRR without the ODT layer. Notably, the field is strongly localized and confined in the gap region. 15 The parameters used in this calculation for the gold SRR array are the following: period a = 800 nm, radius r = 200 nm, thickness t = 30 nm, width w = 80 nm, and gap g = 30 nm. Having calculated the near-field distribution for the pristine SRRs, the SRR surfaces are uniformly covered with a 2.4 nm thick layer characterized with a Lorentz oscillator model to emulate the effect of the ODT molecules on the SRR spectrum both in the near and the far zones. The parameters for the Lorentz oscillator are chosen such that they can reproduce the absorption associated with the symmetric stretching mode of the ODT molecule.
The SRR-molecule coupling results in a dip in the nearfield spectrum of the SRR, as shown in Fig. 2͑a͒ . The presence of the ODT on the SRR is essentially equivalent to local absorption at the vibrational frequency of ODT for the SRR. From the ODT point of view, there is more available energy to be absorbed as the SRR confines and enhances the incoming radiation in the gap similar to impedance matching in electronic circuits. In other words, the ODT absorption cross section is increased by the SRR antenna cross section.
In the far field, however, there is a peak at the ODT absorption frequency in the SRR forward scattering ͑trans-mission͒ spectrum in the presence of the ODT layer. The energy absorbed by the ODT molecules in the near-field couples back to the SRR through Rayleigh scattering and is radiated by the SRR antenna. During this reradiation process, the part of the electromagnetic energy, which would nor- mally not scatter in the forward direction is radiated in the forward direction due to the SRR-ODT near-field coupling.
To demonstrate this coupling mechanism we have fabricated five different SRR arrays with radius 170, 180, 190, 200, and 210 nm. The other array parameters were same as those used in the simulations except for the period a = 600 nm. The SRR arrays were fabricated on an indium tin oxide coated quartz substrate by standard electron beam lithography with a single PMMA ͑poly-methyl-methacrylate͒ layer followed by a lift-off process ͓Fig. 1͑a͔͒. Each array consists of 2500 SRRs corresponding to an area of 30 ϫ 30 m 2 . Infrared ͑IR͒ transmission measurements are performed on a Fourier transform IR ͑FTIR͒ spectrometer equipped with a microscope. The mid-IR illumination is focused on to the samples with a 36ϫ 0.5 numerical aperture Cassegrain reflective objective and the transmitted signal is collected with another microscope objective of same specifications on to a liquid nitrogen cooled mercury-cadmiumtelluride detector. The sample area of interest is spatially filtered with an adjustable square aperture in the microscope beam path to limit the transmitted signal to the 30 ϫ 30 m 2 area of the SRR arrays. The illumination was unpolarized whereas the collection path polarizer was aligned along the gap of the SRRs. Each spectrum is normalized to the spectrum of transmitted signal through a nearby part of the sample that does not have any SRRs so as to correct for the spectrum of the IR radiation source.
The SRR acts like a resistive-capacitive-inductive ͑RLC͒ resonant optical circuit. 16 In general, they are of interest for their artificial magnetic properties in applications such as negative refraction. [17] [18] [19] [20] Here we are interested in their ability to enhance electric fields in the near zone. Essentially, SRRs are optical antennas [21] [22] [23] with a small footprint owing to their compact geometry compared to their linear optical antenna counterparts. The SRR resonance occurs when the perimeter of the SRR loop is a half integer multiple of the wavelength of optical current circulating in the metal. Therefore the SRR antenna resonance can be tuned by changing the radius and in turn the perimeter of the SRR. The other advantage of using SRRs as opposed to regular nanorod antennas is that SRRs naturally have a gap offering potentially larger near-field enhancements, which will in turn increase sensitivity. By introducing smaller gaps within the nanofabrication limits, the sensitivity can be further improved.
The transmission resonance of the five different SRR arrays fabricated with different radii cover wavenumbers in the range 2250-3000 cm −1 ͑Fig. 3͒. Each IR spectrum is an average of 50 different spectral scans with a 2 cm −1 resolution. By changing the radius of the SRRs, the plasmonic resonance can be tuned to allow for spectral overlap between SRR resonance and the ODT absorption spectrum. The SRR array resonance for 170 nm radius overlaps well with both symmetric and antisymmetric stretching vibrational modes of the ODT molecule.
Having characterized the plasmonic resonance spectra of these pristine SRR arrays, we covered them with a monolayer of the ODT molecule. The samples were immersed in a 2.5 mM solution of ODT ͑Sigma-Aldrich, 98%͒ in ethanol ͑Sigma-Aldrich; anhydrous, 99%͒ for 3 h. The deposition process is performed at room temperature. In order to remove the excess reactants the samples are then ultrasonically rinsed in ethanol and dried with nitrogen gas. The long ODT molecules form a 2.4 nm thick monolayer with their thiol headgroup chemisorbed on the gold surface. The molecular axis is slightly tilted with respect to the gold surface normal.
The IR transmission measurements are performed on SRR arrays coated with the ODT monolayer using an FTIR microspectroscopy setup as described above. The IR spectra for SRR arrays are shown in Fig. 4͑a͒ . The symmetric ͑2850-2863 cm −1 ͒ and antisymmetric ͑2916-2936 cm −1 ͒ C-H stretching vibrational modes are manifested in the farfield SRR spectra allowing for the detection and the identification of the ODT molecules when the SRR resonance overlaps with the ODT absorption as in the case of 170 and 180 nm radii. When the SRR resonance is detuned by changing the SRR radius from the ODT absorption, the vibrational stretching modes are hardly discernable in the IR spectrum. This resonant electromagnetic coupling mechanism is reminiscent of Fano resonances that originate from quantum mechanical interaction of a discrete state with a continuum of states. For the case of strongest resonant coupling ͑r = 170 nm͒, the contrast between the maximum and the minimum transmittance at the antisymmetric vibrational frequency is about 1.9%. This contrast is a function of both the near-field enhancement and the number of molecules adsorbed on the gold surface. Since the current approach relies on the molecular self-assembly process, signal contrast is limited by a monolayer for a given near-field enhancement. Although this technique has single monolayer sensitivity, signal to noise ratio is essentially limited by the surface area of the region of highest near-field enhancement. Based on the surface packing density of the ODT molecules of 22.2 Å 2 / molecule and the gap surface area of a single SRR of 2 ϫ 30ϫ 80 nm 2 , there are about 22 000 molecules corresponding to Ϸ40 zeptomoles per SRR. Here the only assumption is that the ODT signal originates primarily from the gap region where the near-field is strongly confined.
In summary, we demonstrate a plasmonic detection technique that relies on the resonant electromagnetic coupling between a SRR and the IR vibrational modes of molecules. This technique's ability to provide spectral fingerprint information along with its extremely low detection limit offer many possibilities in future IR vibrational spectroscopy on the nanoscale . FIG. 4 . ͑Color online͒ ͑a͒ Measured transmittance spectra for three different SRR arrays with radii 170 nm ͑blue͒, 180 nm ͑red͒, and 210 nm ͑green͒ with the SAM. Two peaks corresponding to ODT absorption are clearly visible. ͑b͒ Closeup view of the resonance region in ͑a͒.
